Endothelial nitric oxide synthase (eNOS) catalyzes the conversion of L-arginine and molecular oxygen into L-citrulline and nitric oxide (NO), a gaseous second messenger that influences cardiovascular physiology and disease. Several mechanisms regulate eNOS activity and function, including phosphorylation at Ser and Thr residues and protein-protein interactions. Combining a tandem affinity purification approach and mass spectrometry, we identified stromal cell-derived factor 2 (SDF2) as a component of the eNOS macromolecular complex in endothelial cells. SDF2 knockdown impaired agonist-stimulated NO synthesis and decreased the phosphorylation of eNOS at Ser 1177 , a key event required for maximal activation of eNOS. Conversely, SDF2 overexpression dose-dependently increased NO synthesis through a mechanism involving Akt and calcium (induced with ionomycin), which increased the phosphorylation of Ser 1177 in eNOS. NO synthesis by iNOS (inducible NOS) and nNOS (neuronal NOS) was also enhanced upon SDF2 overexpression. We found that SDF2 was a client protein of the chaperone protein Hsp90, interacting preferentially with the M domain of Hsp90, which is the same domain that binds to eNOS. In endothelial cells exposed to vascular endothelial growth factor (VEGF), SDF2 was required for the binding of Hsp90 and calmodulin to eNOS, resulting in eNOS phosphorylation and activation. Thus, our data describe a function for SDF2 as a component of the Hsp90-eNOS complex that is critical for signal transduction in endothelial cells.
INTRODUCTION
Nitric oxide (NO) is a short-lived gaseous signaling molecule, synthesized in endothelial cells by the enzyme endothelial nitric oxide synthase (eNOS). NO plays a vital role in maintaining cardiovascular homeostasis by influencing vascular tone, smooth muscle cell proliferation and migration, leukocyte adhesion, and platelet aggregation (1) . For many years, eNOS has been the focus of intense research aimed to understand its regulation under physiological and pathological conditions. Numerous studies have demonstrated that eNOS plays a protective role against pathologic vascular remodeling, hypertension, and atherosclerosis (2) (3) (4) . The activity of eNOS and its ability to generate NO are regulated at the transcriptional, posttranscriptional, and posttranslational levels, and dysregulation of these mechanisms promotes the development of cardiovascular disease (1) . Therefore, a deeper understanding of eNOS regulation is of crucial importance in the search for new approaches to understand its roles in health and disease.
In addition to posttranslational modifications that influence eNOS function such as protein palmitoylation, phosphorylation, glutathionylation, and S-nitrosylation, eNOS activity is modulated by protein-protein interactions. Under quiescent conditions, eNOS is anchored to plasma membrane caveolae through N-myristoylation and cysteine palmitoylation of its N terminus and is kept in an inhibited state through its interaction with caveolin-1 (5, 6) . Upon stimulation with various calcium-mobilizing agonists and ionophores, including ionomycin, caveolin-1 binding is displaced by calcium-activated calmodulin (CaM), resulting in a conformational change that promotes NADPH (reduced form of nicotinamide adenine dinucleotide phosphate)-dependent electron flux to the heme moiety and overall increased NO synthesis (7) (8) (9) . Another crucial regulator of eNOS activity is the molecular chaperone Hsp90. The basal binding of Hsp90 to eNOS is increased in endothelial cells by several stimuli such as vascular endothelial growth factor (VEGF), histamine, estrogen, and fluid shear stress (10) . Binding of Hsp90 alone induces a conformational change that promotes eNOS activity and increases NO production (8, 10, 11) . Also, Hsp90 serves as a heme chaperone for all NOS isoforms (12, 13) . In addition, Hsp90 is a molecular scaffold for the recruitment of other proteins that regulate the activity of NOS, including protein kinases such as Akt. Akt phosphorylates eNOS at Ser 1177 in the C-terminal reductase domain, which increases electron flow and augments calcium-CaM sensitivity of the enzyme (14) (15) (16) (17) . In addition to Hsp90, several proteins have been described as part of the eNOS protein complex with the ability to influence eNOS localization, trafficking, and catalytic activity (18) .
The central goal of this study was to identify activation-state eNOSinteracting partners using a proteomic strategy of tandem affinity purification (TAP) followed by mass spectrometry (MS). Here, we identified stromal cell-derived factor-2 (SDF2) as a protein that preferentially interacted with an activated mutant form of eNOS and was required for efficient eNOS-dependent NO synthesis. We found that SDF2 was a client protein of Hsp90 that bound to its M domain. This interaction occurred in cells replete or deplete of eNOS. Upon stimulation with VEGF, SDF2 was necessary for the binding of Hsp90 and CaM to eNOS. Therefore, SDF2 is a regulator of NOS function through its binding to Hsp90. The interaction between SDF2 and Hsp90 suggests that other Hsp90-dependent processes may be influenced by SDF2.
RESULTS

TAP combined with MS identifies SDF2 as part of the eNOS activation complex
To isolate and identify activation-dependent eNOS interactors, we generated TAP-tagged versions of previously described eNOS mutants (14) . The CTA tag (also known as PTP tag) is a modified TAP tag comprising Hsp90 was used as loading control. DTT, dithiothreitol. (C) Representative immunoblot analysis shows the expression of endogenous eNOS and adenovirally transduced eNOS S1179A-CTA and eNOS S1179D-CTA before and after knockdown of endogenous eNOS by Ad.sieNOS. n = 3 independent experiments for (A) to (C). NS, nonsilenced. (D) Experimental design from cell lysis to proteomic analysis of EA.hy926 cells expressing eGFP-CTA, eNOS S1179A-CTA, or eNOS S1179D-CTA. (E to G) Volcano plot representing results of the pull-downs of eGFP, eNOS S1179A, and eNOS S1179D. The log 2 ratios of protein intensities in the eNOS SA/GFP (E), eNOS SD/GFP (F), or eNOS SD/eNOS SA (G) pull-downs were plotted against −log 10 P values of the t test performed from biological triplicates. A hyperbolic curve (red dotted line) separates specific eNOS-interacting proteins from the background (blue dots). Table 3 . LC-MS/MS analysis of eNOS S1179A and eNOS S1179D pull-downs.
Symbol
Protein name Average intensity eNOS S1179A ± SEM Average intensity eNOS S1179D ± SEM Unique peptides Log 2 (ratio eNOS S1179D/eNOS S1179A) P a protein C epitope, a tobacco etch virus (TEV) cleavage site, and a duplicate protein A epitope, and it has been used to efficiently purify native protein complexes in yeast and mammalian cells (19) .
SDF2
Two forms of eNOS were used to identify binding partners that specifically interact with eNOS in a particular phosphorylation state: either a less active mutant that cannot be phosphorylated by Akt or AMPK [adenosine 
5′-monophosphate (AMP)-activated protein kinase] on Ser
1179 (for bovine eNOS, or Ser 1177 for human eNOS; eNOS S1179A) or a constitutively active phosphorylation-mimetic mutant, eNOS S1179D (20) . To maintain the expression of the eNOS S1179A-CTA and eNOS S1179D-CTA fusion proteins close to physiological amounts, and to avoid competition for interacting proteins between endogenous eNOS and the fusion proteins, EA. hy926 human umbilical vein endothelial cells were first transduced with an adenoviral construct expressing a small interfering RNA against eNOS (Ad.sieNOS) (21, 22) , and then were transduced with adenoviruses carrying eNOS S1179A-CTA (Ad.eNOS S1179A-CTA) or eNOS S1179D-CTA (Ad.eNOS S1179D-CTA) (Fig. 1, A to C) . Infection of EA.hy926 cells with Ad.sieNOS showed that maximal knockdown (~95%) of endogenous eNOS was achieved starting at 100 multiplicity of infection (MOI) (Fig. 1A) and was sustained for several days after infection (Fig. 1B) . Subsequent infection with Ad.eNOS S1179A-CTA or Ad.eNOS S1179D-CTA resulted in amounts of the eNOS fusion proteins comparable to that of the endogenous protein (Fig. 1C) .
For MS experiments, EA.hy926 cells were infected with Ad.sieNOS and Ad.eGFP-CTA (as a reference control), Ad.eNOS S1179A-CTA, or Ad. eNOS S1179D-CTA, and associated components were recovered from whole-cell lysates by TAP and then analyzed by liquid chromatography/ tandem mass spectrometry (LC-MS/MS) ( Fig. 1D and table S1 ). Under these conditions, eNOS and calmodulin (CALM1, CALM2), an essential allosteric activator of eNOS, were enriched. Moreover, SDF2 was significantly enriched in eNOS S1179D pull-downs as compared to the enhanced green fluorescent protein (eGFP) or eNOS S1179A pull-downs ( Fig. 1, E Representative immunoblot analyses and averaged densitometric data of the samples used in (A) show Akt and eNOS phosphorylation as well as SDF2 abundance. Actin was used as a loading control. Data are means ± SEM. n = 4 independent experiments. *P < 0.05 compared to untreated (Untr); # P < 0.05 compared to eNOS/eNOS S1179A, same treatment group; $ P < 0.05 compared to eNOS + SDF2 1 mg.
S1179A-CTA or Ad.eNOS S1179D-CTA did not alter the expression of SDF2 as compared to control ( fig. S1 ).
SDF2 is necessary for eNOS-dependent NO release and phosphorylation of eNOS at Ser
1177
We initially sought to investigate whether SDF2 influenced eNOS-dependent NO release. SDF2 knockdown by small interfering RNA (>80%) in primary cultures of human umbilical cord endothelial cells (HUVECs) did not affect total eNOS or Hsp90 protein abundance ( Fig. 2A ) but reduced both VEGF-or ionomycin-stimulated NO release (Fig. 2B ). To investigate whether SDF2 deficiency would influence signaling pathways downstream of vascular endothelial growth factor receptor 2 (VEGFR2) activation, we examined the phosphorylation of VEGFR2, phospholipase C-g1 (PLCg1), extracellular signal-regulated kinase 1/2 (Erk1/2), Akt, and some of Akt substrates including glycogen synthase kinase 3b (GSK3b), MDM2, and eNOS ( Fig. 2C and quantified in Fig. 2D ) after VEGF stimulation. Notably, we did not find significant differences in the phosphorylation of the proteins analyzed, except for that of MDM2 at Ser 166 (decreased at 2 and 5 min, but not at 10 min after VEGF treatment) and that of eNOS at Ser 1177 (at all time points examined).
SDF2 overexpression promotes NO release by increasing the phosphorylation of eNOS
Because the loss of SDF2 reduced the phosphorylation of eNOS and NO release, we tested whether SDF2 overexpression facilitated eNOSdependent NO production. We transiently transfected COS7 cells (which do not have endogenous eNOS) with bovine eNOS complementary DNA (cDNA) and increasing amounts of SDF2 and measured NO release in response to coexpression of a myristoylated, constitutively active form of Akt (MyrAkt) or ionomycin. SDF2 overexpression promoted basal, MyrAkt-dependent, and ionomycin-dependent NO release in a dosedependent manner (Fig. 3A) . This effect was associated with an SDF2-dependent increase in the phosphorylation of Ser 1179 in eNOS both basally and after MyrAkt transfection (Fig. 3B ), suggesting that SDF2 can modulate eNOS activity in the absence or presence of an exogenous stimulus by facilitating the phosphorylation and activation of eNOS. To confirm that the SDF2-mediated increase in eNOS activity was due to a direct influence on the phosphorylation of Ser 1179 , we transfected COS7 cells as above with eNOS S1179A cDNA and measured NO release. The eNOS S1179A mutant was not further activated by SDF2 in cells also expressing MyrAkt or stimulated with ionomycin, implying that SDF2 regulates NO release through phosphorylation of Ser 1179 (Fig. 3C ).
SFD2 modulates the activity of other NOS isoforms
To test whether SDF2 influenced the activity of inducible NOS (iNOS) and neuronal NOS (nNOS), we transiently cotransfected COS7 cells with the cDNAs for SDF2 and iNOS or nNOS and measured basal as well as ionomycin-induced NO production (Fig. 4) . Overexpression of SDF2 resulted in a significant increase in basal iNOS-dependent NO release ( Fig. 4A ), as well as basal and ionomycin-stimulated nNOS-dependent NO release (Fig. 4B ), implying that SDF2 regulated the activity of all mammalian NOS isoforms.
SDF2 is an Hsp90 client protein that interacts with the M domain of Hsp90
The molecular chaperone Hsp90 serves as a scaffold for the formation of a ternary activation complex with eNOS and Akt (16) . Because SDF2 modulates eNOS activity both basally and following exogenous stimuli by facilitating Akt-dependent phosphorylation of Ser
1179
, we first determined whether SDF2 was a client protein of Hsp90, similarly to Akt and eNOS. HUVECs (Fig. 5A ) or COS7 cells lacking eNOS ( Fig. 5B) were treated with the Hsp90 inhibitor geldanamycin (GA). GA disrupts the adenosine triphosphatase (ATPase) function of Hsp90, triggering the ubiquitination and degradation of most Hsp90 client proteins (23) . GA treatment reduced Akt, eNOS, and SDF2 protein abundance in HUVECs, and Akt and SDF2 in COS7 cells lacking eNOS, implying that SDF2 is an Hsp90 client protein and its interaction with Hsp90 can occur independently of eNOS. Coimmunoprecipitation studies in COS7 cells expressing hemagglutinintagged SDF2 (SDF2-HA) and empty vector or eNOS confirmed the interaction between SDF2 and endogenous Hsp90, and showed that eNOS is not required for this interaction to occur (Fig. 5C ). Coimmunoprecipitation studies in human embryonic kidney (HEK) 293 cells expressing SDF2-HA and empty vector or eNOS showed that the interaction between SDF2 and Hsp90 was not altered by inhibition of either phosphoinositide 3-kinase (PI3K) or Akt or by calcium chelation (fig. S2 ). We also mapped the domains of Hsp90 involved in the binding of SDF2 by coexpressing SDF2-HA with a series of FLAG-tagged deletion mutants of Hsp90 in the presence or absence of eNOS in COS7 cells. Both eNOS and SDF2 coimmunoprecipitated with regions 1 to 635 and 1 to 530, but not 534 to 724 or 1 to 301 of Hsp90 (Fig. 5D) . Moreover, SDF2 coimmunoprecipitated with Hsp90 independently of the presence or absence of eNOS, and the presence of each protein did not influence the interaction of the other with the M domain.
SDF2 is required for VEGF-induced recruitment of Hsp90 and calmodulin to the eNOS complex Next, we tested whether endogenous SDF2 played a role in the formation of a ternary complex between eNOS, Hsp90, and calmodulin (CaM). To achieve stable and homogeneous SDF2 knockdown, suitable for temporal immunoprecipitation studies, stable cell lines were generated from EA. hy926 cells transduced with a lentiviral short hairpin RNA (shRNA) vector targeting the human SDF2 gene (shSDF2) or a lentiviral nonsilencing control shRNA (shCTRL). shCTRL and shSDF2 EA.hy926 cells were starved overnight and then treated with VEGF to induce complex formation (10) . In line with the results from HUVECs with SDF2 knockdown, the phosphorylation of Akt at the stimulatory Ser 473 was comparable between the two groups, whereas the phosphorylation of eNOS at Ser 1177 was reduced in the shSDF2 cells as compared to control (Fig. 6A and quantified in Fig. 6B ). Immunoprecipitation of eNOS in control cells showed that VEGF stimulated the formation of an eNOS complex including Hsp90, CaM, and SDF2. In shSDF2 cells, however, the recruitment of Hsp90 and CaM was markedly abrogated, suggesting that SDF2 is required for the physiological formation of a functional eNOS complex (Fig. 6A) .
DISCUSSION
The central finding of this paper was the identification of SDF2 as an eNOS-interacting protein that complexed predominantly with the active Hsp90-bound, Ser 1177/1179 phosphorylated form of eNOS. Knockdown or overexpression of SDF2 reduced or enhanced NO release, and the loss-offunction mutant eNOS S1179A was weakly activated by SDF2 overexpression, thus demonstrating the functional relevance of SDF2 as a regulator of eNOS function. Moreover, SDF2 was an Hsp90 client protein because inhibition of Hsp90 triggered its degradation (similar to many client proteins including Akt and eNOS) and its interaction occurred predominantly through SDF2 binding to the M domain, a common site for Hsp90-interacting proteins (24) . Although SDF2 was detected through its preferential interaction with eNOS S1179D, eNOS was not required for its interaction with Hsp90 because this interaction occurred in cells lacking eNOS. iNOS and nNOS are also modulated by Hsp90 (12, (25) (26) (27) , and their activity was enhanced upon overexpression of SDF2, thus extending the importance of the interaction between SDF2 and Hsp90 to these NOS isoforms. VEGF activation of endothelial cells stimulated the recruitment of SDF2, Hsp90, and CaM to the eNOS complex, an effect that was attenuated in cells lacking SDF2, thereby linking SDF2 with the activation complex and NO synthesis.
SDF2 was originally identified as a secreted protein using the signal sequence trap method in the mouse ST2 stromal cell line, although the actual secretion of the protein was not demonstrated (28) . The amino acid sequence of SDF2 shows similarity to those of yeast dolichyl phosphate-D-mannose:protein mannosyltransferases, Pmt1p and Pmt2p; homologs of these enzymes are not present in higher eukaryotes. SDF2 has been detected also in several mouse tissues, and it localizes to the endoplasmic reticulum (ER), likely through accessory binding proteins or other amino acid sequence motifs (29) . SDF2 consists of three MIR [mannosyltransferases, inositol 1,4,5-trisphosphate receptor (IP3R), and ryanodine receptor (RyR)] domains. It is speculated that MIR domains in IP3R and RyR regulate proteinprotein interactions because their MIR domains interact with each other and with additional proteins such as Trp3 (30) . In addition, a mammalian paralog of SDF2 named SDF2L1, which contains similar MIR domain organization, has been isolated as part of an ER chaperone complex using biochemical cross-linking approaches (31) . Our data indicate that SDF2 is an Hsp90 client protein because it is destabilized by GA and interacts with Hsp90 and eNOS in a growth factor-and activation-dependent manner, implying that SDF2 may affect additional Hsp90-dependent functions such as steroid receptor maturation or chaperone activity. Whether SDF2 can serve as a client-specific co-chaperone regulating Hsp90 function, similar to cdc37 (24) , or regulate its activity is not known but unlikely because the loss of SDF2 did not affect the turnover of the Hsp90 client Akt or eNOS. These data suggest that SDF2 influences Hsp90 biological functions related to the scaffolding of signaling pathways rather than its intrinsic chaperone activity. SDF2 could regulate the activator of Hsp90 ATPase 1 (AHA1) because they both bind to the M domain of Hsp90 (32) and the loss of AHA1 does not reduce the abundance of Hsp90 client proteins, but reduces the activity and phosphorylation of substrates including eNOS (33, 34) . The higher rates of NO synthesis that accompany increases in the expression of SDF2 suggest that the interaction between SDF2 and Hsp90 is driven by the abundance of each protein. The interaction between Hsp90 and SDF2 was stable upon inhibition of PI3K or Akt activation or reduction of calcium concentrations. However, it is possible that other posttranslational modifications of Hsp90 may play a role in modulating the interaction. Future studies will address the regulatory aspects of the interaction as well as the direct effect of SDF2 on Hsp90 activities. We cannot exclude the possibility that the complete loss of SDF2 may yield more severe effects on the function of Hsp90 in assisting protein folding or stabilizing client proteins.
Surprisingly, quantitative analysis using an optimized, TAP tag isolation procedure yielded only CaM and SDF2 as unique interactors with eNOS S1179D, implying that the high stringency of the isolation procedure or the transient nature of other protein-protein interactions hampers their detection. The TAP method has limitations, including the length of the procedure, which influences the number of interactors that are eventually identified by MS. Moreover, all labile and transient interactions, such as those with protein kinases and phosphatases, cannot be detected using this system. Combining stable isotope labeling by amino acid in cell culture (SILAC) techniques, alternative eNOS tagging approaches, and rapid purification techniques may improve the recovery and quantification of eNOS partners under various conditions in future studies. In particular, quantitative studies on the dynamic remodeling of the eNOS interactome in response to various stimuli will open interesting research avenues, which will deepen our understanding of how eNOS is regulated by protein-protein interactions and its role in cardiovascular diseases.
MATERIALS AND METHODS
Cell culture
The EA.hy926 cell line was purchased from the American Type Culture Collection (CRL-2922) and grown in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum (FBS), penicillin (100 U/ml), streptomycin (0.1 mg/ml), 2 mM glutamine, and HAT. HUVECs were obtained from the Yale University Vascular Biology and Therapeutics Core facility, plated on 0.1% gelatin-coated dishes in M199 medium supplemented with endothelial cell growth supplement (ECGS), 10% FBS, penicillin (100 U/ml), streptomycin (0.1 mg/ml), and 2 mM glutamine, and used between passages 2 and 4. AD-293, HEK293, and COS-7 cells were cultured in DMEM supplemented with 10% FBS, penicillin (100 U/ml), streptomycin (0.1 mg/ml), and 2 mM glutamine. Cultures were kept in a humidified incubator at 37°C containing 5% CO 2 .
Plasmid construction, generation of adenoviruses, and adenoviral transduction of cells CTA-tagged constructs were generated as follows: polymerase chain reaction (PCR) was performed using the vector pBS1479 containing TEV_2xproteinA as a template and introducing Not-I_protein C at the N terminus of TEVand 2xStop_Hind-III at the C terminus of 2xproteinA with primers: forward (introducing Not-I_protein C), GGGGCGGCCGCTGAAGATCAGGTG-GATCCTCGTCTTATTGATGGGAAAGATTATGATATTCCAACTACT; reverse (introducing 2xStop_Hind-III), CCCAAGCTTTCATCAGGTTGAC-TTCCCCGCGGA. The PCR fragment was then digested with restriction enzymes Not I and Hind III and inserted into the plasmid pShuttle-CMV, which had been digested with the same enzymes, generating pShuttle-CMV-CTA. Next, to generate CTA-tagged construct for adenovirus production, PCR was performed using eGFP, full-length bovine eNOS S1179A, or full-length bovine eNOS S1179D in pcDNA3 as templates using primers: forward eNOS (introducing Sal-I_Kozak sequence), GGGGTCGACGC-CACCATGGGCAACTTGAAGAGTGTGGGC; reverse eNOS (introducing Not I without stop codon), CCCGCGGCCGCAGCAGCGGGGCC-GGGGGTGTCTGG; forward eGFP (introducing Sal-I_Kozak sequence), GGGGTCGACGCCACCATGGTGAGCAAGGGCGAGGAG; reverse eGFP (introducing Not I without stop codon), CCCGCGGCCGCAGCCTT-GTACAGCTCGTCCATGCC. Finally, to generate pShuttle-CMV vectors carrying CTA-tagged eGFP or eNOS mutants, the PCR fragments were digested with restriction enzymes Sal I and Not I and inserted into the plasmid pShuttle-CMV-CTA, which had been digested with the same enzymes. All constructs were verified by sequencing and immunoblotting. Replicationdeficient adenoviruses expressing eGFP-CTA, eNOS S1179A-CTA, or eNOS S1179D-CTA were generated by the AdEasy Adenoviral Vector System (Stratagene) (35) . Briefly, all pShuttle-CMV vectors carrying eGFP-CTA, full-length bovine eNOS S1179A-CTA or eNOS S1179D-CTA were linearized with Pme I and subsequently cotransformed into Escherichia coli BJ5183 cells with an adenoviral backbone plasmid, pAdEasy-1. Recombinants were selected by kanamycin resistance and verified by restriction enzyme digestion. The confirmed recombinant plasmids were then transfected into the adenoviral packaging AD-293 cell line. Viral production was monitored over 7 to 10 days by visualization of GFP expression and cytopathic effect (CPE). After 7 to 10 days, viral particles were harvested and purified by banding on a cesium chloride gradient. The purified viruses were then dialyzed and stored at −80°C. Infection of EA.hy926 cells with 25 MOI of viruses resulted in close to 100% of the cells expressing the gene of interest with no signs of toxicity.
Replication-deficient adenoviruses encoding small interfering RNA n o . 3122 targeting eNOS (Ad.sieNOS) were generated using the Block-iT U6 RNAi Entry Vector system as previously described (21, 22) . EA.hy926 cells were plated in 150-mm dishes until 60% confluent and then transduced with 10 to 200 MOI of Ad.sieNOS. After 20 hours, cells were transduced with 25 MOI of Ad.eGFP-CTA, eNOS S1179A, or eNOS S1179D, and after an additional 20 hours, culture media were replaced with fresh culture media and cells were allowed to grow for 72 hours until confluent.
Cell lysis and TAP
Confluent EA.hy926 cells transduced with adenoviruses as described above and expressing either eGFP-CTA, eNOS S1179A-CTA, or eNOS S1179D-CTA (triplicates of six 150-mm plates per group) were washed twice with ice-cold phosphate-buffered saline (PBS) and then collected in TAP lysis buffer [1% NP-40, 20 mM tris (pH 8), 150 mM NaCl, 10% glycerol (v/v), 1 mM DTT, 1 mM CaCl 2 , 10 mM NaF, 0.25 mM Na 3 VO 4 , 5 nM calyculin A, 50 mM b-glycerophosphate, and EDTA-free Complete Protease Inhibitors (Roche)] with the aid of cell scrapers and incubated for 30 to 45 min at 4°C on an end-over-end rocker. For each experiment, 5 mg of whole-cell lysates was subjected to TAP. All steps were performed at 4°C. First, whole-cell lysates (5 ml/mg) of packed immunoglobulin G (IgG) Sepharose (GE Healthcare) were washed twice with TAP lysis buffer and then incubated for 2 hours with each whole-cell lysate with gentle rocking on an end-over-end rocker. The IgG Sepharose beads binding the CTAtagged proteins were recovered by centrifugation at 1500 rpm for 2 min, followed by three washes with TAP lysis buffer without NP-40 and two washes with TEV buffer (Invitrogen) to eliminate unbound proteins and detergents. The IgG Sepharose beads were then resuspended in 150 ml of TEV buffer containing 25 U of AcTEV Protease (Invitrogen) and incubated overnight on an end-over-end rocker, allowing for an effective and complete elution of the native protein complexes from the IgG beads. Samples were then centrifuged at 5000 rpm for 2 min to separate the IgG Sepharose beads from the supernatant containing the eluted protein complexes, which were then transferred to a fresh tube and precipitated by methanol/chloroform, dried, and resuspended in freshly prepared 50 mM tris containing 8 M urea and 1 mM DTT before processing for MS.
Mass spectrometry
Proteins were reduced with 1 mM DTT for 30 min, alkylated with 5.5 mM iodoacetamide for 20 min in the dark, and digested for 3 hours at room temperature with the endoproteinase LysC. The samples were diluted four times with ABC buffer (50 mM ammonium bicarbonate in H 2 O, pH 8.0) and digested overnight at 37°C with trypsin. The resulting peptide mixture was acidified by the addition of trifluoroacetic acid. Peptides were desalted following the protocol for StageTip purification (36) . Samples were eluted with 60 ml of buffer B (80% ACN, 0.1% formic acid in H 2 O) and reduced in a Vacufuge plus (Eppendorf) to a final volume of 3 ml. Buffer A (2 ml) (0.1% formic acid in H 2 O) was added, and the resulting 5 ml was injected through high-performance liquid chromatography.
Analysis of the peptide mixture was performed as described previously (37) . Briefly, peptides were separated on 15-cm columns (New Objectives) with a 75-mm inner diameter, packed in-house with 1.9 mm C18 resin (Dr. Maisch GmbH). Peptides were eluted at a constant flow rate of 250 nl for 95 min with a linear acetonitrile gradient from 5 to 30%. Eluted peptides were directly sprayed into a Q Exactive mass spectrometer (Thermo). The mass spectrometer was operated in a data-dependent mode to automatically switch between full-scan MS and up to 10 data-dependent MS/MS scans. Maximum injection time for MS scans was 20 ms with a target value of 3,000,000 at a resolution of 70,000 at mass/charge ratio (m/z) of 200. The 10 most intense multiple charged ions (z ≥ 2) from the survey scan were selected for MS/MS scans. Peptides were fragmented with higher-energy collision dissociation (38) with normalized collision energies of 25. Target values for MS/MS were set to 1,000,000 with a maximum injection time of 120 ms at a resolution of 17,500 at m/z of 200. Dynamic exclusion of sequenced peptides was set to 25 s. Resulting MS and MS/MS spectra were analyzed using MaxQuant (version1.3.0.5), using its integrated ANDROMEDA search algorithms (39, 40) . Peak lists were searched against local databases for human proteins concatenated with reversed copies of all sequences. Carbamidomethylation of cysteine was set as fixed modification, and variable modifications were methionine oxidation and N-terminal acetylation. Maximum mass deviation was 6 ppm for MS peaks and 20 ppm for MS/MS peaks with a maximum of two missed cleavages allowed and a minimum peptide length of six amino acids. Label-free quantitation was performed using the QUBIC software package as described previously (41) . All calculations and plots were done with the R software package (http://r-project.org/). Transient SDF2 knockdown by small interfering RNA and generation of EA.hy926 cell line with stable SDF2 knockdown HUVECs between passages 2 and 4 were transfected with 20 to 80 nM small interfering RNA targeting human SDF2 (Santa Cruz Biotechnology, sc-94163) or a control small interfering RNA (Qiagen, 1027281), using Oligofectamine (Invitrogen). After 5 hours, M199 supplemented with 2 × ECGS, penicillin-streptomycin and glutamine, and 20% FBS was added to the same volume of transfection media. The following day, media were changed to regular growth media and cells were allowed to grow to confluency for 72 hours for further experiments.
To generate an endothelial cell line with stable SDF2 knockdown, EA.hy926 cells were transduced with lentiviral particles expressing an shRNA targeting human SDF2, generated as follows. pLKO.1-lentiviral shRNA vectors targeting human SDF2 gene (shSDF2) and nonsilencing pLKO.1 control vector (shCTRL) were purchased from Sigma-Aldrich (MISSION shRNAs; for SDF2: TRCN0000292455). Lentiviral particles carrying shSDF2 or shCTRL were produced by cotransfecting lentiviral packaging vectors (psPAX2 and pMD2.G, Addgene) with the shRNA lentiviral vector in HEK293T cells. Supernatants containing the lentivirus expressing either shSDF2 or shCTRL were harvested 48 hours after transfection and filtered with 0.45-mm filter. EA.hy926 cells were incubated with the supernatant containing virus particles with polybrene (8 mg/ml) overnight, and then viral media were replaced with fresh media. After 48 hours, transduced cells were selected by puromycin (5 mg/ml) for over 7 days. The knockdown of SDF2 was evaluated by Western blot analysis.
Transfection of cells
COS7 and HEK293 cells were transfected using Lipofectamine 2000 (Invitrogen). After 5 hours of incubation, media were replaced with regular complete growth media and cells were grown to confluency for an additional 48 hours. The following plasmids, alone or in combination, were used for transfection: pcDNA3 empty plasmid (1 mg), bovine eNOS in pcDNA3 (1 mg), bovine eNOS S1179A in pcDNA3 (1 mg), human iNOS in pcDNA3 (1.5 mg), human nNOS in pcDNA3 (1.5 mg), myristoylated Akt1 (MyrAkt, 0.5 mg) (14) , human SDF2 in pCMV6-XL5 (1 or 2 mg, OriGene SC115785, accession number NM_006923.2), Hsp90b deletion mutants (amino acids 1 to 635, 534 to 724, 1 to 530, and 1 to 301) in pcDNA5FLAG (0.5 mg) (16) , and human HA-tagged SDF2 in pcDNA3 (SDF2-HA, 0.5 mg). SDF2-HA plasmid was generated as follows: PCR was performed using the human SDF2 in the pCMV6-XL5 plasmid (OriGene, SC115785) as a template with primers (forward: CAGGATCCGCCACCATGGCTGTAG-TACCTC; reverse: TAGAATTCCTAAGCGTAGTCTGGGACGTCG-TATGGGTACAGCTCTGCATGGTG) to produce a human SDF2-HA, which was flanked with site for restriction enzymes Bam HI and Eco RI. The PCR fragment was digested with these restriction enzymes and inserted into the plasmid pcDNA3, which had been digested with the same enzymes. The construct was verified by DNA sequencing and immunoblotting.
Measurement of NO release in cell culture media
Nitrite (NO 2 − ), the major oxidation product of NO in the absence of oxyhemoglobin or superoxide anion, is formed when NO reacts with dissolved oxygen. Therefore, as a readout of the amount of NO released in the cell culture media, the amount of nitrite was measured using a Nitric Oxide Analyzer (Sievers 270B) after reaction with iodide and acetic acid at room temperature. Confluent HUVEC monolayers (passages 2 and 3) were serumstarved for 2 hours in M199 containing neither FBS nor ECGS and supplemented with 10 mM sepiapterin (Sigma-Aldrich), followed by treatment with VEGF (50 ng/ml) (Genentech) for 30 min or 1 mM ionomycin for 15 min before collection of an aliquot of the culture media. Confluent COS7 cell monolayers, including those transfected with nNOS, were serumstarved overnight in DMEM containing 0.5% FBS, followed by treatment with 10 mM ionomycin for 15 min before collection of an aliquot of the culture media, as indicated in the figure legends. COS7 cells transfected with MyrAkt or iNOS were also starved as described above and then incubated with fresh media for 1 hour before collection of an aliquot of the culture media. In all experiments, net NO release was calculated by NO-specific chemiluminescence after subtracting unstimulated basal release as described previously (14) . Whole-cell lysates from each well were used for subsequent immunoblot analyses. Moreover, protein concentrations were used to normalize the amounts of NO measured for each sample.
Immunoblot analysis
HUVECs were serum-starved (no FBS, no ECGS) for 2 hours, followed by stimulation with VEGF (50 ng/ml) for 2, 5, and 10 min. In separate experiments, HUVECs or COS7 cells were treated for 24 hours with GA (1 mM; Sigma-Aldrich). Cells were then washed twice with ice-cold PBS and immediately resuspended in lysis buffer (50 mM tris-HCl, 1% NP-40, 0.1% SDS, 0.1% deoxycholic acid, 0.1 mM EDTA, 0.1 mM EGTA, protease and phosphatase inhibitors) with the aid of cell scrapers, and incubated for 30 to 45 min on ice. For all samples, including those used for coimmunoprecipitation studies (see below), protein extracts (20 mg) were separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred to 0.45-mm nitrocellulose membranes (Bio-Rad). After 1 hour of incubation with 5% milk/TBS-T to block unspecific binding of primary antibodies, membranes were probed with primary antibodies (all from Cell Signaling Technology, unless specified otherwise) against phospho- 3F10 , catalog no. 11867423001), FLAG (Sigma-Aldrich, clone M2, catalog no. F1804), actin (Sigma-Aldrich, catalog no. A5441), and Hsp90 (BD, catalog no. 610419), followed by species-specific secondary antibodies antiIgG conjugated with either Alexa Fluor 680 (Invitrogen) or IRDye800 (Rockland). Blots were washed and visualized using a LI-COR Odyssey imager. The number of biological replicates used for each immunoblot analysis is specified in the figure legend. Densitometric analyses were performed using the ImageJ software.
Immunoprecipitation
COS7 transfected with SDF2-HA, FLAG-tagged deletion mutants of Hsp90, and pcDNA or eNOS for 24 hours were grown until confluent in DMEM containing 10% FBS and then used for coimmunoprecipitation studies. HEK293 cells transfected with SDF2-HA and pcDNA or eNOS for 24 hours were starved overnight in DMEM containing 0.5% FBS. Before stimulation, cells were pretreated with the PI3K inhibitor LY294002 (15 mM, for 30 min; Calbiochem) or the Akt inhibitor MK-2206 (5 mM, for 30 min; Selleckchem) or the intracellular calcium chelator BAPTA-AM (25 mM, for 5 min; Sigma-Aldrich) or vehicle as control. After 15 min of stimulation with 10% FBS, SDF2-HA was pulled down from whole-cell lysates as described below. shCTRL and shSDF2 EA.hy926 monolayers were starved overnight in DMEM containing 0.5% FBS and then treated with VEGF (50 ng/ml) for 15 and 30 min to induce complex formation. COS7, HEK293, or EA.hy926 cells (shCTRL/shSDF2) were washed twice with ice-cold PBS and immediately resuspended in TAP lysis buffer with the aid of cell scrapers, and incubated for 30 to 45 min at 4°C on an end-over-end rocker. All steps were performed at 4°C. SDF2-HA and FLAG-tagged Hsp90 deletion mutants were immunoprecipitated from 500 mg of whole-cell lysate using 20 ml of packed HA epitope tag antibody, agarose conjugate (Pierce), or Anti-FLAG M2 Affinity Gel (Sigma-Aldrich), respectively, which were washed twice with TAP lysis buffer before incubation with the whole-cell lysate overnight on an end-over-end rocker. Before eNOS immunoprecipitation, 1 mg of whole-cell lysate per group was precleared for 1 hour by incubation with 10 ml of packed rec-Protein G-Sepharose 4B Conjugate (Invitrogen), followed by an overnight incubation with 2 mg of eNOS antibody (Santa Cruz Biotechnology, clone C-20, catalog no. 654) or control rabbit IgG (Santa Cruz Biotechnology, catalog no. 2027) per 500 mg of whole-cell lysates. Samples were then incubated for 2 hours with 20 ml of packed recProtein G-Sepharose 4B Conjugate (Invitrogen), which were washed twice with TAP lysis buffer before incubation with the whole-cell lysate. All immunoprecipitated proteins were recovered by centrifugation of the resins at 2000 rpm for 2 min at 4°C, followed by one wash with TAP lysis buffer and three washes with TAP lysis buffer without NP-40. Proteins bound to SDF2-HA or eNOS were eluted by boiling samples for 10 min in SDS sample buffer, whereas proteins bound to FLAG-tagged Hsp90 deletion mutants were eluted by incubating samples for 1 hour at room temperature with 3X FLAG Peptide (0.5 mg/ml) (Sigma-Aldrich), followed by centrifugation at 2000 rpm for 2 min at 4°C to recover the supernatants. Samples were then analyzed by SDS-PAGE and immunoblotting.
Statistical analysis
Results are presented as means ± SEM. All experiments in which the effects of two variables were tested were analyzed by two-way analysis of variance (ANOVA) followed by Bonferroni post hoc test. Differences between two groups were compared by unpaired Student's t test. P ≤ 0.05 was considered significant.
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